Filimonas aurantiibacter sp. nov., an orangepigmented bacterium isolated from lake water and emended description of the genus Filimonas
A Gram-stain-negative bacterium was isolated from Lake Michigan water. 16S rRNA gene sequence analysis revealed that strain 1458 T had a sequence similarity to Filimonas lacunae YT21 T , Sediminibacterium goheungense HME7863 T , Parasegetibacter terrae SGM2-10 T , Sediminibacterium ginsengisoli DCY13 T , Terrimonas ferruginea DSM 30193 T , Lacibacter cauensis NJ-8 T , Flavihumibacter solisilvae 3-3 T , Parasegetibacter luojieneis RHYL-37 T , Vibrionimonas magnilacihabitans MU-2 T and Parafilimonas terrae 5GHs7-2 T with values of 93.4, 92.3, 91.9, 91.9, 91.8, 91.6, 91.6, 91.6, 91.5 and 90.4 %, respectively . The primary cellular fatty acids were iso-C 15 : 0 , iso-C 17 : 0 3-OH, iso-C 15 : 1 G and summed feature 3 (iso-C 15 : 0 2-OH/ C 16 : 1 !7c). The primary polar lipids were phosphatidylethanolamine and an unidentified polar lipid only detectable after total polar lipid staining. The quinone system was menaquinone MK-7, and in the polyamine pattern, sym-homospermidine was predominant. Additional phenotypic characteristics included growth at 15 to 40 C and pH 5.0 to 8.0, a salt tolerance range of 0 to 2.0 % (w/v), production of orange cell-bound pigment flexirubin, and gliding motility. After phenotypic, chemotaxonomic and molecular analyses, strain 1458 T was identified as a novel species of the genus Filimonas, for which the name Filimonas aurantiibacter sp. nov. is proposed. The type strain is 1458 T (=NRRL B-65305 T =LMG 29039 T ). An emended description of the genus Filimonas is also provided.
Freshwater is a habitat that is composed of unique and diverse microbial communities with representatives from multiple phyla and classes including Alphaproteobacteria, Betaproteobacteria, Gammaproteobacteria, Actinobacteria, Bacteroides, Cyanobacteria, Verrucomicrobia, Obsidium Pool-10 (Armatimonadetes) and Planctomycetes. Typically, Betaproteobacteria are the most common, but Actinobacteria and Bacteroidetes can be as nearly as common (reviewed in Newton et al., 2011) . Microbial profiling of potable water using culture-independent techniques reported that drinking water was composed of the same phyla and classes associated with freshwater (Norton & LeChevallier, 2000; Santo-Domingo et al., 2003; Poitelon et al., 2009; Lu et al., 2013; Feng et al., 2013; Liao et al., 2015) .
Located in the upper Midwest, USA is a group of five lakes that collectively compose the largest amount of freshwater in the world and are referred to as the Great Lakes. The Great Lakes as a group contain approximately 5500 cubic miles of freshwater. The second largest, Lake Michigan, alone contains about 1180 cubic miles of freshwater and serves as a source of potable water for over 7 million people.
Understanding of the microbial community found in Lake Michigan near the city of Milwaukee, WI has increased with the publication of multiple studies that profiled the microbial community using culture-independent techniques (Mueller-Spitz et al., 2009; Newton & McLellan, 2015) . They reported that Betaproteobacteria predominated, followed by Bacteroidetes and Alphaproteobacteria. There are however, no published reports that characterized the microbial community in Lake Michigan potable water, although Albert et al. (2010 Albert et al. ( , 2013 Albert et al. ( , 2014 have reported the isolation of several novel bacterial species and a novel genus of bacteria from Lake Michigan potable water.
As part of a taxonomic investigation of the bacterial population in Lake Michigan potable water, samples were collected on 7 November 2011 from the Port Washington, Wisconsin community water system. Water samples were plated on plate count agar (PCA; Difco) and incubated at 32 C for 5 days. Multiple colonies were isolated and identified by 16S rRNA gene sequencing. Based upon the 16S rRNA gene sequence, one strain designated 1458 T appeared to represent a novel species of the genus Filimonas. In this paper we report on the characterization of strain 1458 T . Based upon phenotypic (morphological, physiological and chemotaxonomic traits) and genotypic studies, the isolate is concluded to represent a previously undescribed species of the genus Filimonas. The reference strain for the study was Filimonas lacunae DSM 21054 T , which was obtained from the Deutsche Sammlung von Mikroorganismen und Zellkulturen (DSMZ; Braunschweig, Germany).
Isolation of DNA and generation of PCR products for 16S rRNA gene sequence analysis and assembly were performed using the procedure of Saha et al. (2013) . Identification of phylogenetic neighbours and calculation of pairwise 16S rRNA gene sequence similarity were achieved using the EzTaxon server (http://www.ezbiocloud.net/eztaxon) on the basis of 16S rRNA gene sequence data. (Kim et al., 2012) . Strain 1458 T was most closely related to Filimonas lacunae YT21 T , Sediminibacterium goheungense HME7863 T , Parasegetibacter terrae SGM2-10 T , Sediminibacterium ginsengisoli DCY13 T , Terrimonas ferruginea DSM 30193 T , Lacibacter cauensis NJ-8 T , Flavihumibacter solisilvae 3-3 T , Parasegetibacter luojieneis RHYL-37 T , Vibrionimonas magnilacihabitans MU-2 T and Parafilimonas terrae 5GHs7-2 T with 16S rRNA gene sequence similarities of 93.4, 92.3, 91.9, 91.9, 91.8, 91.6, 91.6, 91.6, 91.5 and 90 .4 %, respectively. Alignments and tree reconstructions were performed using the ARB software package version 5.5 (Ludwig et al., 2004) . The new sequences were added to the reference LTP123 (Yarza et al., 2010) database, and aligned using the SINA tool (SILVA Incremental Aligner, (Pruesse et al., 2012) implemented in the ARB software package. Final alignments were manually improved following the reference alignment in ARB-editor. Complete sequences were used to reconstruct de novo trees using the neighbour-joining algorithm implemented in the ARB software package; and the RAxML algorithm (Stamatakis, 2006) . For the reconstructions we used different datasets of LTP type strains, as well as different filters implemented in the LTP123 database (i.e. no filter, 30 % and 50 % conservational filters) to evaluate the branching orders. The final topology is a result of a consensus tree modified according to the stability of the branching orders. Unstable branching orders are drawn as multifurcations. The detailed phylogenetic relationship between strain 1458 T and related species is presented in Fig. 1 , and it can be seen that the branch comprising species of the genera Filimonas and Parafilimonas appeared monophyletic, but with an unresolved branching orders with the sister lineages.
When grown on PCA (Difco) at 25 C for 3 days, isolated colonies are dull orange, flat, circular and, 0.5 to 1.0 mm in diameter with an entire edge. Cells are rod-shaped and 1.0 to 2.5 µm in length; growth appears to occur by a process other than binary fission from the terminal end of the cell (Fig. 2) . Strain 1458 T grows well on R2A (Difco), PCA (Difco) and tryptic soy agar (Difco) with reduced growth on Sabouraud dextrose agar (Oxoid). Growth does not occur on cetrimide agar (Difco), MacConkey agar (Difco) and Pseudomonas isolation agar (Difco).
The physiological and biochemical characterizations reported in Table 1 were performed as follows. All tests were performed at 25 C, except growth temperature range, using 24-48 h-old cultures, grown on PCA. Catalase activity, oxidase test and Gram staining were performed using standard procedures (Smibert & Kreig, 1994) . Gliding motility was determined using a tunnel slide (McBride & Zhu, 2013) . Temperature growth range was determined by visual examination for growth on PCA plates. Prior to inoculation, the plates were incubated at the test temperature for 24 h, and after inoculation, plates were incubated from 2 to 10 days. Growth at various concentrations of NaCl was determined using plate count broth as the base supplemented with NaCl from 0.0 % to 3.0 % (w/w) in increments of 0.5 % (w/w). The pH growth range was determined using phosphate-buffered plate count broth (Breznak & Costilow, 1994) ; after autoclaving, the pH of the broth was checked prior to inoculation. Anaerobic growth was determined by visually monitoring for growth in R2A broth supplemented with 0.0001 % resazurin, 0.075 % agar, 0.05 % sodium thioglycollate and 0.05 % L-cystine. Prior to inoculation, screw-capped tubes filled with R2A broth were incubated under anaerobic conditions for 48 h. Anaerobic conditions were generated by using H 2 and CO 2 GasPaks (BBL) in anaerobe jars. Cell suspensions were used to inoculate the tubes containing the test medium. After inoculation the tubes were placed in the anaerobe jars and anaerobic conditions were regenerated using the H 2 and CO 2 GasPaks. Ten days later, the tubes were removed from the anaerobic conditions and visually examined for growth. Turbidity was used to indicate growth. If turbidity was observed, tubes were streaked to PCA to determine the identity of the bacterium present. Aerobic acid production from sugars was performed using the method described in Albert et al. (2013) with incubation at 25 C for up to 14 days. Production of cell-bound orange pigments was determined by the technique of Yabuuchi et al. (1983) .
Results of the physiological and biochemical characterization of strain 1458 T are summarized in Table 1 . The temperature and pH growth range for strain 1458 T were 15-40 C and pH5.0-8.0, respectively, while the NaCl concentration for growth was 0.0 -2.0 % (w/v).
The presence of cell-bound orange pigments was initially demonstrated by treating cells with 2 % KOH which resulted in a colour change from orange to red (results not shown). Determination of the visible absorbance spectrum was determined by using the method described in Yabuuchi et al. (1983) , which involved extracting the pigment with acetone. The visible absorbance spectrum of the extracted pigment was determined prior to and after treatment with 20 % KOH. The maximum absorbance of the acetone extract was approximately 460 nm while that for the acetone extract with 20 % KOH was approximately 510-520 nm. Such a shift is an indication of the orange pigment flexirubin (Yabuuchi et al., 1983) .
The fatty acid profile of strain 1458 T was determined by growing strain 1458 T on R2A at 28 C for 24 h. After growth, bacteria were saponified, and the liberated fatty acids were methylated and analysed by capillary gas-liquid chromatography (Agilent HP 6890) using the Sherlock system (MIDI 6.2), according to the manufacturer's instructions. The fatty acid profile of strain 1458 T is reported in Table 2 . The primary fatty acids, which comprised approximately 76.5 % of the total, included iso-C 15 : 0 , iso-C 17 : 0 3-OH, iso-C 15 : 1 G and an inseparable mixture of iso-C 15 : 0 2-OH/C 16 : 1 !7c (summed feature 3).
When comparing the fatty acid profile of strain 1458 T to that of Filimonas lacunae DSM 21054 T , it can be seen that both strains share the same primary fatty acids with differences in the secondary fatty acids. The primary fatty acids, comprising approximately 73.5 % of the total, in Filimonas lacunae DSM 21054 T were iso-C 15 : 0 , iso-C 17 : 0 3-OH, iso-C 15 : 1 G and an inseparable mixture of iso-C 15 : 0 2-OH/ C 16 : 1 !7c (summed feature 3). The most significant difference in the minor fatty acids was the presence of C 16 : 1 !5c at 5.0 % of the total in Filimonas lacunae DSM 21054 T , while it was not detected in strain 1458 T . Results from this study are very similar to the previously published results for Filimonas lacunae YT21 T (Shiratori et al., 2009 ). Polar lipids, quinones and polyamines were extracted from cells grown on PYE medium [0.3 % peptone from casein (w/v), 0.3 % yeast extract (w/v), pH 7.2] at 28 C. Polar lipids and quinones were extracted from biomass harvested at the stationary growth phase and analysed as described previously (Tindall, 1990a, b; Altenburger et al., 1996) . Polyamines were extracted from biomass harvested at the late exponential growth phase as described by Busse & Auling (1988) and analysed as described by Busse et al. (1997) . HPLC analyses were carried out using the equipment described by Stolz et al. (2007) .
The polar lipid profile (Fig. 3a) was composed of the major compounds phosphatidylethanolamine (PE) and an unidentified polar lipid only detectable after total polar lipid staining (L2); moderate amounts of an unidentified polar lipid (L1), two unidentified aminophospholipids (APL1, APL2), one unidentified phospholipid (PL1) and two unidentified aminolipids (AL3, AL4), and minor to trace amounts of six polar lipids (L3-L8) and three aminolipids (AL1, AL2, AL5) were also detected. When compared to Filimonas lacunae DSM 21054 T (Fig. 3b ) the polar lipid profiles between the two strains were very similar although there were differences, especially the presence of the unidentified phospholipid PL2 in the profile of Filimonas lacunae DSM 21054 T which clearly distinguished this species from strain 1458 T . Among representatives of closely related genera including Segetibacter and Parasegetibacter, only the polar lipid profile of Parasegetibacter terrae has been reported (Kim et al., 2015) . Strains 1458 T and F. lacunae DSM 21054 T differed from this species based on the presence of the major lipids L2 and PL2 whereas they are lacking lipid L4 of P. terrae.
The polyamine pattern of strain 1458 T contained the major compound sym-homospermidine [32.1 µmol (g dry weight) À1 ], minor amounts of spermidine and spermine [each 0.1 µmol (g dry weight) À1 ] and traces of cadaverine [<0.1 µmol (g dry weight) À1 ]. A highly similar polyamine pattern was detected Filimonas lacunae DSM 21054 T containing the major compound sym-homospermidine [49.0 µmol (g dry weight) À1 ] and minor amounts of spermidine [0.8 µmol (g dry weight) À1 ], putrescine [0.2 µmol (g dry weight) À1 ] and spermine [0.3 µmol (g dry weight) À1 ] and traces of cadaverine [<0.1 µmol (g dry weight) À1 ].
On the basis of the phenotypic (including chemotaxonomic traits) and phylogenetic data, we conclude that strain 1458 T represents a novel species of the genus Filimonas, for which the name Filimonas aurantiibacter sp. nov. is proposed. An emended description of the genus Filimonas is also provided.
Emended description of the genus Filimonas Shiratori et al. 2009 The characteristics of the genus are those described by Shiratori et al. (2009) . However, members may or may not produce flexirubin. The primary polar lipids are phosphatidylethanolamine and an unidentified polar lipid only detectable after total polar lipid staining. The major polyamine is sym-homospermidine, while the major quinone is menaquinone MK-7. Description of Filimonas aurantiibacter sp. nov.
Filimonas aurantiibacter (au.ran.ti.i.bac¢ter. N.L. adj. aurantius orange, pertaining to colony colour; N.L. masc. n bacter rod; N.L. masc. n. aurantiibacter orange coloured rod).
Short rods, 1-2.5 µm in length and occur singly or in pairs. Gram-stain-negative. Isolated colonies on plate count agar after incubation for 48 h at 25 C range from 0.5 to 1 mm in diameter with an entire edge, and are flat, circular and orange. Produces flexirubin. The temperature growth range is 15-40 C, the pH growth range is 5.0 to 8.0, while the NaCl concentration for growth is 0.0 to 2.0 % (w/ w). Aerobic, catalase-positive and oxidase-negative. Capsules are not produced. Acid is produced aerobically from cellobiose, D-galactose (weakly), D-glucose, lactose, maltose, raffinose, rhamnose, D-mannose, trehalose and D-xylose, but not from sucrose, D-arabinose, D-glycerol, fructose, sodium gluconate, D-ribose or D-mannitol. Positive for use of D-arabinose, cellobiose, D-galactose, D-glucose, lactose, maltose, D-mannose, raffinose, sucrose, trehalose and D-xylose as growth substrates, but not rhamnose, sodium gluconate, fructose, D-glycerol, D-mannitol, D-ribose, Tween 20 and Tween 80. Gelatin is hydrolysed but not casein. Positive for assimilation of citrate and propionate. The polyamine pattern contains predominantly sym-homospermidine and the quinone system is menaquinone MK-7 with minor amounts of MK-6. The polar lipid profile is composed of the major compounds phosphatidylethanolamine and an unidentified polar lipid (L2), moderate amounts of an unidentified polar lipid (L1), two unidentified aminophospholipids (APL1, APL2), one unidentified phospholipid (PL1) and two unidentified aminolipids (AL3, AL4), and minor to trace amounts of six polar lipids (L3-L8) and three aminolipids (AL1, AL2, AL5). Fig. 3 . Polar lipid profile of (a) strain 1458 T and (b) Filimonas lacunae DSM 21054 T after two-dimensional thin-layer chromatography and detection with molybdatophosphoric acid. PE, Phosphatidylethanolamine; PL1-2, unidentified phospholipids; AL1-6, unidentified aminolipids; APL1-3, unidentified aminophospholipid; L1-11, polar lipids not stainable with reagents that are detecting a phosphate group, an amino group or a sugar moiety.
The type strain 1458 T (=NRRL B-65305 T =LMG 29039 T ) was isolated from a Lake Michigan potable water sample in southeastern Wisconsin, USA.
